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Abstract
Anisotropy in the arrival directions of cosmic rays around 1018eV is studied using data from the Akeno 20
km2 array and the Akeno Giant Air Shower Array (AGASA), using a total of about 216,000 showers observed
over 15 years above 1017eV . In the first harmonic analysis, we have found significant anisotropy of ∼ 4 %
around 1018eV, corresponding to a chance probability of ∼ 10−5 after taking the number of independent trials
into account. With two dimensional analysis in right ascension and declination, this anisotropy is interpreted
as an excess of showers near the directions of the Galactic Center and the Cygnus region. This is a clear
evidence for the existence of the galactic cosmic ray up to the energy of 1018eV . Primary particle which
contribute this anisotropy may be proton or neutron.
1 Introduction:
Searches for anisotropy in the arrival directions of high energy cosmic rays have been made by many
experiments so far and the arrival direction distribution of cosmic rays is found to be quite isotropic over a
broad energy range. In the previous report (Hayashida et al. 1998), we have reported the evidence of the
anisotropy correlated with our galaxy at 1018eV. This result means the existence of galactic cosmic rays up to
the energy of 1018eV and can be interpreted by two models, one is the proton diffision model and the other,
the superposition of neutron emission from the galactic sources. It is worthwhile to note that the neutron’s life
time become comparable with the scale of the galaxy at this energy range. Here, we obtained more significant
results by adding data upto April 1999.
The Akeno Giant Air Shower Array (AGASA) consists of 111 scintillation detectors of 2.2 m2 area each,
which are arranged with 1km spacing over 100 km2 area. Akeno is located at latitude 35◦ 47’N and longitude
138◦ 30’E at an average altitude of 900 m above sea level. Details of the AGASA array are described in
Ohoka et al. 1997. Data from the 20 km2 array (Teshima 1986) are included in this analysis. The typical
angular resolution is 3 degrees for 1018eV cosmic rays.
2 Results:
The showers are selected with the following conditions. The core is inside the array, the number of hit de-
tectors is ≥ 6, and the reduced χ2 in determining the arrival
direction and the core position is less than 5.0. All events
with zenith angles ≤ 60◦ are used in the present analysis.
About 216,000 events remain after these Selection. Results
of first harmonic analysis in right ascension are shown in
Figure 1. The amplitude, the phase (peak direction in right
ascension), and the significance k are shown as a func-
tion of primary energy threshold. Each point is obtained
by summing over events with more than the correspond-
ing energy. The parameter k follows the probability dis-
tribution of exp(-k), if we assume the random sample. k
∼ 14 around 1018eV can be seen in the bottom plot. It
is surprisingly high, corresponding to a chance probabil-
ity of 10−6. We have searched for the energy bin width
which gives the maximum k -value, and find that the region
1018.0eV - 1018.4eV gives the maximum k-value of 15.1.
This means the showers which contribute to the anisotropy
are distributed in the energy range of 0.4 decade.
We also listed the results in the differential bins with en-
ergy ranges of a factor of two from 1/2EeV to 8EeV in
Table 1, for the comparison with the world data. Accord-
ing to this table, the chance probability is estimated to be
∼ 10−5 by taking the number of independent trials into ac-
count.
In searching for anisotropy, rates from different regions on
the celestial sphere are compared. Therefore uniform ob-
servation time in right ascension is quite important in this
analysis. We have carried out several tests on the system-
atic effect(see Hayashida et al. 1998), however, we found
the observation is quit uniform and the systematics are neg-
ligeble small for the present ∼ 4% amplitude.
In Figures 2, the arrival direction distributions in equatorial
coordinates are shown. They show the ratio of the number
of observed event to the expected one, and the statistical
significance of the deviations from the expectation. Here,
the energy region of 1018.0 ∼ 1018.4eV is selected which
maximize the harmonic analysis k-value. We can not ob-
serve events with declination less than -25◦, as long as we
use showers with zenith angles less than 60◦. In this fig-
ure, we have chosen a circle of 20◦ radius to evaluate the
excess. The expected event density inside this circle are
evaluated using the average of event rate at the same decli-
10
-3
10
-2
10
-1
1
17 18 19 20
Log(Energy[eV])
Lo
g(A
mp
lit
ud
e)
200
400
17 18 19 20
Log(Energy[eV])
Ph
as
e[d
eg
re
e]
0
5
10
15
17 18 19 20
Log(Energy[eV])
K
Figure 1: The first harmonic analysis. The am-
plitude, the phase, peak direction in right ascen-
sion, and the significance k are shown as a func-
tion of primary energy threshold, respectively.
Each point is obtained by summing over events
with more than the corresponding energy.
Table 1: The first harmonic analysis in right ascension.
Bin Energy Range/EeV # Amplitude[%] Phase k Pprob
E4 1/2 - 1.0 56658 0.5 272 0.42 0.65
E5 1.0 - 2.0 29207 4.2 297 12.9 2.5E-6
E6 2.0 - 4.0 10129 2.0 256 1.10 0.33
E7 4.0 - 8.0 2769 3.3 256 0.76 0.46
nation band.
In the significance map with beam size of 20◦, a 4.5σ excess (obs./exp. = 506/413.6) near the Galactic
Center region can be seen. In contrast, near the direction of anti-Galactic Center we can see a deficit in the
cosmic ray intensity (−4.0σ). An event excess from the direction of the Cygnus region is also seen in the
significance map with 3.9 σ (obs./exp. = 3401/3148).
3 Discussion
An anisotropy of amplitude 4% around 1018eV was found in first harmonic analysis. With a two dimen-
sional map, we can identify this as being due to event excesses of 4.5σ and 3.9σ near the galactic center and
the Cygnus region, respectively. The observed anisotropy seems to be correlated with the galactic structure.
Such anisotropy has not been observed by previous experiments. Since the latitudes of the Haverah Park
and Yakutsk are around 60 degrees, the direction of significant excess in the present experiment near the galac-
tic center can not be observed by those experiments and hence a significant amplitude in harmonic analysis
might be absent in their data. Fly’s Eye data show the enhancement at similar energy range(Bird et al.1999).
One possible explanation of the anisotropy reported here is due to the propagation of cosmic ray protons.
The observed regions of excess are directed toward the galactic plane and seem to be correlated with the
nearby spiral arms. However, the direction of anisotropy need not point toward the nearby galactic arm, since
scattering is diffusive in the leaky box model. According to the Monte Carlo simulation by Lee and Clay 1995,
a proton anisotropy of 10% ∼ 20% amplitude is expected at RA ∼ 300◦ using an axisymmetric concentric
ring model of the galactic magnetic field with interstellar turbulence of a Kolmogorov spectrum. The source
distribution is assumed to be uniform within the galactic disk and both a non-random and turbulent magnetic
halo with various field strengths are taken into account. If the observed anisotropy is due to protons, we can
estimate the proton abundance as to be about 20% ∼ 40% of all cosmic rays, by comparing our result of 4%
amplitude with their simulation.
Another possible explanation is that the anisotropy is due to neutron primary particles. Neutrons of 1018eV
have a gamma factor of 109 and their decay length is about 10 kpc. Therefore they can propagate linearly from
the galactic center without decaying. The accelerated heavy nuclei should interact with the ambient photons
or gases in the acceleration region, and spill out neutrons. The produced neutrons can escape freely from the
acceleration site. In this scenario, the heavy dominant chemical composition below 1018eV (Gaisser et al.
1993) and the lack of anisotropy below 1018eV (due to the short neutron lifetime) can be naturally explained.
More accumulation of the data, observation in the southern hemisphere, and the determination of energy
spectrum in the excess region are important to confirm the experimental result and to discriminate two possi-
bilities.
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Figure 2: The ratio of the number of observed events to the expected one (top pannel) and the statistical
significance of the deviations (bottom pannel) are shown on the equatorial coordinate.
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